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VECTOR SELECTION DECISION FOR PIXEL
INTERPOLATION

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims 1s a continuation application and
claims benefit under 35 USC 120 of U.S. patent application
Ser. No. 10/866,460 filed Jun. 10, 2004 which claimed prior-
ity to U.S. Provisional Patent Application No. 60/532,427,
filed Dec. 23, 2003, and entitled “Recursive Hierarchical
Motion Compensated Frame Rate Conversion,” all of which
are hereby incorporated by reference herein.

This application 1s also related to U.S. patent application
entitled: “Motion Vector Computation For Video Sequences”™

by Nair et al., filed Apr. 26, 2004, which 1s hereby 1ncorpo-
rated by reference herein 1n 1ts entirety.

BACKGROUND

This mvention relates to improving video and graphics
processing.

At low display refresh rates (for example, 50 fields/sec for
interlaced video material, and 24 frames/sec for film-origi-
nated material) on digital display devices, a display artifact
referred to as “area flicker” can occur. The area ftlicker
becomes more visible as the size of the display increases, due
to the high sensitivity to tlicker 1n the human visual peripheral
region. A simple solution for reducing the area flicker 1s to
increase the display refresh rate by repeating the input fields
or frames at a higher rate (for example, 100 fields/sec for
interlaced video). This solves the area flicker problem for
static scenes. However, the repetition itroduces a new arti-
fact 1n scenes with motion, known as “motion judder” or
“motion smear,” particularly 1n areas with high contrast, due
to the human eye’s tendency to track the trajectory of moving,
objects. For this reason, motion compensated frame interpo-
lation 1s preferred, in which the pixels are computed 1n an
interpolated frame or field at an intermediate point on a local
motion trajectory, so that there 1s no discrepancy between an
expected 1mage motion due to eye tracking and a displayed
image motion. A motion vector describes the local image
motion trajectory from one field or frame to the next.

Motion vectors can be computed at different levels of spa-
tial resolution, such as at a pixel level, at an image patch level,
or at an object level. Computing a motion vector for every
pixel independently would theoretically result in an 1deal data
set, but 1s unfeasible due to the large number of computations
required. Computing a motion vector for each image patch
reduces the number of computations, but can result in arti-
facts due to motion vector discontinuities within an 1image
patch. Computing motion vectors on an object basis can theo-
retically result 1n high resolution and lower computational
requirements, but object segmentation 1s a challenging prob-
lem.

Therefore what 1s needed 1s a way to determine and use
motion vectors efliciently and accurately, such that little or no
discrepancy exists between an expected image motion due to
eye tracking and a displayed image motion 1n a digital video.

SUMMARY

The present invention provides methods and apparatus for
determining and using motion vectors efficiently and accu-
rately, such that little or no discrepancy exists between an
expected 1mage motion due to eye tracking and a displayed
image motion in a digital video.
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2

In general, 1n one aspect, the mvention provides methods
and apparatus, including computer program products, imple-
menting and using techniques for determining motion vectors
to be used for interpolation of intermediary frames 1n a digital
video sequence. A {irst image frame including several image
patches 1s recerved. Each image patch has a respective first
position. A second image frame mcluding one or more 1image
patches corresponding to the image patches 1n the first image
frame 1s recerved. Each image patch has a respective second
position. For each image patch in the first image frame that
has a corresponding image patch in the second frame, the
following operations occur: a forward motion vector and a
backward motion vector 1s determined for the image patch in
the first image frame; a forward motion vector and a back-
ward motion vector 1s determined for the image patch in the
second 1mage frame; a pair ol motion vectors consisting of
one motion vector from the first image frame and one motion
vector from the second frame 1s selected; and the selected pair
of motion vectors 1s used to establish an intermediary position
of the image patch 1n an interpolated frame that 1s intermedi-
ary to the first and second frames.

Advantageous implementations can include one or more of
the following features. Selecting a pair of motion vectors can
include calculating a weight for one or more pairs of motion
vectors consisting of one motion vector from the first image
frame and one motion vector from the second frame, and
selecting the pair of motion vectors having the lowest weight.
Calculating a weight can include calculating an absolute dii-
ference ol an x-component of the motion vector from the first
image Irame and an x-component of the motion vector from
the second 1mage frame, calculating an absolute difference of
an y-component of the motion vector from the first image
frame and an y-component of the motion vector from the
second 1mage frame, adding the calculated absolute differ-
ences for the x- and y-components, and multiplying the added
calculated absolute differences with a correlation factor for
the motion vector from the first image frame and the motion
vector from the second image frame.

Multiplying can include calculating a correlation value for
the motion vector from the first image frame, calculating a
correlation value for the motion vector from the second 1mage
frame, adding the two calculated correlation values, and mul-
tiplying the added correlation values with the added calcu-
lated absolute differences of the motion vector components
from the motion vector from the first image frame and the
motion vector from the second image frame. Calculating a
correlation value for the motion vector from the first image
frame can include centering a first window on a pixel in the
first image frame that forms an origin of the motion vector,
centering a second window on a pixel in the second image
frame that forms an end point of the motion vector, the second
window having the same dimensions as the first window; and
calculating a sum of absolute differences of luma values for
the pixels in the first window and pixels at corresponding
positions in the second window. The dimensions of the first
and second windows can be 1dentical to the dimensions of the
image patch.

The pair of motion vectors can consist of one of the fol-
lowing combinations: a forward motion vector from the first
image frame and a forward vector from the second image
frame, a backward motion vector from the first image frame
and a backward vector from the second 1mage frame, and a
forward motion vector from the first image frame and a back-
ward vector from the second image frame. Selecting can
include selecting any one pair of motion vectors 11 the image
patch 1s part of a large textured object moving with constant
velocity. Selecting can include selecting the forward motion
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vector from the first image frame and the backward motion
vector from the second 1image frame 11 the image patch 1s part
of an accelerating object. Selecting can include selecting the
forward motion vector from the first image frame and the
forward motion vector from the second image frame if the
image patch 1s part of an area being uncovered by a trailing
edge of a moving object. Selecting can include selecting the
backward motion vector from the first image frame and the
backward motion vector from the second image frame 11 the
image patch is part of an area being covered by a leading edge
of a moving object. Fach image patch can include many
pixels.

The details of one or more embodiments of the invention
are set forth 1n the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages of the
invention will be apparent from the description and drawings,
and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

FI1G. 1 shows a tlowchart of a recursive hierarchical process
for determining a motion vector.

FIG. 2 shows a series of image frames 1n a digital video of
a moving object, and the areas where forward and backward
motion vectors can be determined.

FIG. 3 shows a flowchart of a method for using a pair of
motion vectors to mterpolate a location of an 1mage patch in
an 1mage frame intermediate to two original image frames 1n
a digital video.

FIG. 4 15 a schematic view of a sequence of 1image frames
and associated motion vectors.

FIG. 5 shows a computer system employed to implement
the 1nvention.

Like reference symbols 1n the various drawings indicate
like elements.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides methods and apparatus for
determining motion vectors and using determined motion
vectors efficiently and accurately, such that little or no dis-
crepancy exists between an expected image motion due to eye
tracking and a displayed image motion 1n a digital video. The
motion vectors that are used are selected such that the number
of visual artifacts 1s minimized.

Determining Motion Vectors

First, an exemplary approach of determining motion vec-
tors will be discussed. The motion vector determination
described herein uses a recursive hierarchical approach,
which has been fully described 1n the above referenced patent
application “Motion Vector Computation Jfor Video
Sequences,” which 1s incorporated herein by reference 1n 1ts
entirety. However, 1t should be realized that regardless of the
approach that 1s chosen for determining motion vectors, the
motion vectors can be used for mterpolation as described
below 1n the section “Using the motion vectors.”

Generally, for motion compensated approaches to work
well, including the recursive hierarchical approach described
herein, two basic assumptions are made about the nature of
the object motion: 1) moving objects have inertia, and 2)
moving objects are large. The mertia assumption implies that
a motion vector changes only gradually with respect to a
temporal vector sampling interval (that 1s, the frame rate in
the digital video). The large objects assumption implies that a
motion vector changes only gradually with respect to a spatial
vector sampling interval, that s, the vector field 1s smooth and
has only few boundary motion discontinuities.
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The goal of the recursive hierarchical method 1s to find a
motion vector by applying a source correlation window to a
first image frame and a target correlation window to a subse-
quent image frame, and placing the target correlation window
such that a best match with the source correlation window 1s
obtained, that 1s, the contents of the source correlation win-
dow and target correlation window are as similar as possible.
At the same time, the number of calculations needed to per-
form the matching between the source correlation window
and the target correlation window must be as low as possible,
while still searching the entire vector space limait. In order to
accomplish these goals, the recursive hierarchical method
uses multiple resolution levels of the image frames. A best
motion vector 1s first determined for the lowest resolution
level by projecting the previous best motion vector at the
highest resolution level down to the lowest resolution level,
and testing 1t and one or more updates. This best motion
vector 1s then propagated up to a higher resolution level,
where some adjustments are made and a new best motion
vector 1s determined. This new best motion vector 1s propa-
gated up to yet another higher resolution level, where more
adjustments are made and another new best motion vector 1s
determined. This process 1s repeated until the highest, origi-
nal, resolution level has been reached and a best motion
vector has been 1dentified.

FIG. 1 shows one implementation of a recursive hierarchi-
cal process (100). It 1s assumed that multiple resolution levels
of the image frames have already been generated. As can be
seen 1 FIG. 1, the recursive hierarchical process (100) for
determining a motion vector starts by projecting a motion
vector from a previous 1image frame down to a lowest resolu-
tion level (step 102). A set of update vectors 1s generated and
tested to find a best motion vector at this lowest resolution
level (step 104). In one implementation this test 1s performed
by comparing pixels in corresponding positions 1n a source
correlation window centered on the origin of the motion
vector and a target correlation window centered on the end
point of each respective update vector. The comparison can,
for example, be performed by subtracting a luma value for
cach pixel in the source window from the corresponding pixel
in the respective target windows. In this case the best match
would be defined by finding a mimimum sum of absolute
differences (SAD) for a source correlation window and a
target correlation window pair, and the best motion vector
would be the vector associated with this source correlation
window and a target correlation window patr.

In one implementation, the SAD 1s computed by letting the
candidate vectors for an image patch, which all originate at
the same 1mage patch location 1n the source frame, point to
different pixel locations 1n a target frame. For each candidate
vector, a rectangular window 1s centered 1n the target frame on
the pixel pointed to by the respective candidate vector. A
corresponding rectangular window 1s centered in the source
frame on the pixel where the candidate vectors originate.
Then a pair-wise absolute difference of the corresponding
luma pixels 1n the two windows, that 1s, the pixels that have
the same relative location within the two windows, 1s calcu-
lated. The sum of all the absolute differences 1s the SAD
value. The SAD decreases as the window matching becomes
better and 1s 1deally zero when the pixels are identical. In
practice, of course, due to noise and other factors, the best
vector will have a non-zero SAD, but will have the minimum
SAD of the vectors 1n the set of candidate vectors.

After the minimum SAD has been found, the best vector 1s
selected (step 106). The process (100) then examines whether
there are any higher resolution levels (step 108). It there are
higher resolution levels, the process propagates the best vec-
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tor up to the next higher resolution level (step 110) and repeats
steps 104 through 108. If there are no higher resolution levels,
the process proceeds to step 112, where the best vector 1s
selected as the motion vector and 1s used for motion compen-
sation, which completes the process for the current frame.

In one implementation, a camera vector 1s also considered
when calculating a best motion vector. The camera vector
describes a global movement of the contents of the frame, as
opposed to the local vectors at each image patch location that
are computed completely independently, and can therefore be
used to aid 1n finding a better true motion vector. In several
commonly occurring scenarios a motion vector resulting
from camera movements at every location 1n a frame can be
predicted quite easily with a simple model. For example, in
the case of a camera lens panning across a distant landscape,
all the motion vectors will be 1dentical and equivalent to the
velocity of the camera. Another scenario 1s when a camera
lens zooms 1nto an object on a flat surface, such as a picture on
a wall. All the motion vectors then have a radial direction and
increase from zero at the 1image center to a maximum value at
the 1mage periphery.

In one implementation, the process tries to fit a mathemati-
cal model to the motion vectors that have been computed
using a least squares method. A good fit between the camera
motion vectors and the mathematical model indicates that one
of the scenarios discussed above likely 1s present, and the
camera model predicted vector can then be used as an addi-
tional candidate vector 1n the next recursive hierarchical vec-
tor estimation step. Taking the camera vector into consider-
ation 1s advantageous in that the recursive portion of the
recursive hierarchical search 1s a local search approach,
which may converge into a false local minimum 1nstead of the
true minimum. The camera predicted vector candidate can
potentially help 1n avoiding detection of false local minima
and direct the process towards a true minimum

The main advantage of the recursive hierarchical approach
1s that at a lower level, an update of a pixel 1s equivalent to an
update of two or more pixels at the next higher level, depend-
ing on the difference in resolution between the two levels. If
there are, for example, three resolution levels, say 1:1, 1:2 and
1:4, and an update of +/-1 pixel at each level, the convergence
delay 1s potentially reduced by a factor of four. Expressed
differently, effectively the resolution hierarchy i1s used to
accelerate the temporal recursion convergence. This results in
significant improvements, 1n particular for frames containing
small objects moving with high velocities.

As can be seen from the above discussion, a smooth and
accurate vector field 1s provided by using only a fairly small
number of calculations. Furthermore, there 1s reduced con-
vergence delay due to the multiple levels of resolution. Fewer
resolution levels can be used compared to conventional
approaches, and vector errors in lower levels are not amplified
due to resolution changes at higher resolution levels due to
safeguarding by use of projected vectors at each resolution.
Using the Motion Vectors

After the motion vector fields have been estimated for each
frame, interpolated frames 1n between the original frames of
the digital video can be computed. The robustness of the
interpolation can be increased by using motion vectors from
more than one of the onginal frames. Conventional
approaches to generate mterpolated frames include generat-
ing data values from the candidate vectors followed by a
filtering scheme to reduce the visibility of artifacts due to
erroneous vectors.

The present invention 1instead uses a heuristic algorithm to
select the best possible candidates from the available set of
motion vectors, which further increases the robustness and
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decreases the number of artifacts. The heuristic algorithm
will be discussed 1n detail below with reference to FI1G. 3, and
1s applicable to situations where there are simultaneously
available forward and backward vectors from two adjacent
original frames. The heuristic scheme uses both the vector
correlation values and the distance between candidate vectors
to select a pair of forward vectors, a pair ol backward vectors,
or a pair consisting of a forward and a backward vector.
Betore discussing the heuristic algorithm in detail, 1t 1s usetul
to discuss some properties of forward and backward vectors

The above discussion has been focused on determining
motion vectors between a current frame and a subsequent
frame. These motion vectors are typically referred to as for-
ward motion vectors. However, just as forward motion vec-
tors can be determined, the same methodology can be used to
determine a motion vector between a current frame and a
previous frame. Since this type of motion vector points to a
previous frame, it 1s often referred to as a backward motion
vector. Thus, a pair of vectors consisting of one motion vector
from a previous frame and one motion vector from a subse-
quent frame can be used to determine the location of an image
patch 1n an intermediate interpolated frame.

It should be noted that there are situations 1n which 1t 1s
impossible to determine a forward and a backward motion
vector for each of two adjacent frames. One such example 1s
shown 1n FIG. 2, which shows a simplified one-dimensional
object (200) moving along a line upwards in FIG. 2, against a
static background 1n four adjacent image frames (202 A-202
D) 1n a digital video. Here it 1s assumed that a location of the
object (200) 1n an 1nterpolated 1mage frame (212) 1s to be
determined between the original frames 202 B and 202 C,
using one motion vector from frame 202 B and one motion
vector from frame 202 C.

As can be seen 1in FIG. 2, frame 202 B contains a back-
ground region (204) that was previously covered by the object
(200)1n frame 202 A. Therefore, a backward vector cannot be
computed for this background region (204) in frame 202 B.
Similarly, frame 202 C contains a background region (206)
that was previously covered by the object (200) 1n frame 202
B, and consequently a backward vector cannot be computed
for this background region (206) 1n frame 202 C. In other
words, for areas that are being uncovered by the trailing edge
of a moving object, no backward motion vectors can be deter-
mined.

Considering the leading edge of the object (200), 1t can be
seen that frame 202 B contains a background region (208) that
will be obscured by the leading edge of the object (200) 1n the
following frame 202 C. Therefore, a forward vector cannot be
computed for this background region (208) in frame 202 B.
Similarly, frame 202 C contains a background region (210)
that will be covered by the object (200) 1n frame 202 D, and
therefore a forward vector cannot be computed for this back-
ground region (210) 1n frame 202 C. Stated differently, for
areas that are being covered by the leading edge of a moving
object 1n a subsequent frame, no forward motion vectors can
be determined. The reader skilled 1n the art will realize that
these two situations are just exemplary, and that other situa-
tions, for example, an object moving towards or away from
the camera, may occur that make 1t impossible to determine
both forward and backward motion vectors 1in both adjacent
frames. In this situation, the resultant size change of the object
from one 1mage frame to a subsequent image frame will cause
either visible background to be obscured, or obscured back-
ground to be uncovered. Thus, an object moving towards the
camera will cause trouble with computation of forward vec-
tors at the object’s boundary, whereas an object moving away
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from the camera will cause trouble with computation of back-
ward vectors at the object’s boundary.

FIG. 3 shows a heuristic motion vector selection process
(300) that can be used to choose a pair ol motion vectors. FIG.
4 shows a sequence (400) of image frames (402; 406, 408;
410), and will be used 1in conjunction with FIG. 3 to explain
the steps of the heuristic motion selection process (300). As
can be seen, the process (300) starts by determining motion
vectors for two frames (404, 406) that surround a frame (405)
that will be mterpolated (step 302). These two frames will be
referred to as the previous frame (404) and the subsequent
frame (406) 1n relation to the interpolated frame (405).

The motion vectors can be determined with the recursive
hierarchical method described above, or with any other suit-
able method for determining motion vectors. For each frame,
the process (300) attempts to determine a forward motion
vector (414, 418) and a backward motion vector (412,416). In
the following discussion, the forward motion vector of the
previous frame (404) will be labeled Fp (414), the backward
motion vector of the previous frame (404) will be labeled Bp
(412), the forward motion vector of the subsequent frame
(406) will be labeled Fs (418), and the backward motion
vector of the subsequent frame (406 ) will be labeled Bs (416).

Next, the process (300) checks whether there are both
tforward motion vectors (414, 418) and backward motion
vectors (412, 416) available for both the previous frame (404 )
and the subsequent frame (406) (step 304). If all vectors are
not available, the process (300) ends and uses only one
motion vector. It all vectors are available, the process (300)
selects a pair of vectors to be used for the interpolation of the
intermediate frame. As the skilled reader will realize, there
are Tour possible combinations of vector pairs that may be
generated from the determined forward vectors (414, 418)

and backward vectors (412, 416). These combinations are:

1. Fp (414) and Fs (418)

2. Bp (412) and Bs (416)

3. Fp (414) and Bs (416)

4. Bp (412) and Fs (418)

However, only the first three vector pairs make sense to
consider, since both the motion vectors Bp (412) and Fs (418)
in the last pair both “point away” from the frame that 1s to be
interpolated, that 1s, both vectors refer to movement that
occurs outside the time interval for which the interpolated
frame 1s to be computed.

Furthermore, different vector pairs among the three
remaining vector pairs are more or less suitable 1n different
situations. In the event that the type of object motion can be
independently determined, it will often be apparent what
vector pair to use when determining the interpolated frame.
For example, 1n the case of a large textured object moving
with constant velocity, any one pair of the first three pairs of
motion vectors on the above list can be used to generate
consistent frame interpolated data, since the object moves the
same distance between each image frame.

For an accelerating object, on the other hand, the Fp (414)
and Fs (418) vectors are different. For example, 11 the object
(410) 1s accelerating 1n the downward direction of FIG. 4, the

[

Fp vector (414) will have a smaller magnitude than the Fs
vector (418). Similarly, the Bp (412) and Bs (416) vectors are
different. If the same acceleration 1s assumed, the Bp vector
(412) will have a smaller magnitude than the Bs vector (416).
However, the Fp vector (414) and the Bs vector (416) are
computed over the same frame interval—the Fp vector (414)
has the opposite direction and magnitude of the Bs vector
(416 )—and can therefore be used for the interpolation.

Yet another example 1s the one discussed above with
respectto FIG. 2, of a background area being uncovered at the
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trailing edge of a moving object. The forward vectors Fp and
Fs can always be determined for a background area that 1s
being uncovered at the trailing edge of a moving object, but
the backward vectors Bp and Bs can never be determined,
since the background area was covered by the object previous
frames. For this reason, the (Fp, Fs) vector pair 1s the only
vector pair that can be used for the interpolation.

Similarly, in the case of a background area being obscured
at the leading edge of amoving object, the (Bp, Bs) vector pair
1s the only pair that can be used for the interpolation. No
torward vectors can be determined, since the leading edge of
the moving object will obscure the background area in sub-
sequent 1image frames.

If the type of object movement 1s not known, which 1s
typically the case, the heuristical process continues by deter-
mining which vector pair should be used. The process calcu-
lates a weight (W1 through W3) for each of the first three

motion vector pairs as follows (step 306):

Wl=dist(I'p,Fs)*(corr(fp)+corr(fs))
W2=dist(Bp,Bs)*(corr(Bp)+corr(Bs))

W3=dist(F'p,—Bs)*(corr(Fp)+corr(Bs))

where dist (A,B) 1s the distance between vectors A and B, and
1s calculated as the sum of the absolute differences of the x
components of vectors A and B, and the absolute differences
ol the vy components of vectors A and B, respectively. The corr
(A) measure 1s the SAD correlation value for the vector. As
was discussed above, the SAD 1s lower as the local 1image
match increases, that 1s, as the vector confidence increases.

Next, the process selects the vector pair that gives the
lowest determined weight (step 308), since this pair provides
the highest consistency. Finally, the selected vector pair 1s
used for final data interpolation (step 310). This heuristic
vector selection process increases the robustness of the frame
interpolation and minimizes artifacts, which are often mani-
fested as a “shimmering™ effect when viewed on a screen,
which would occur 11 only one motion vector was used in the
interpolation.

The invention can be implemented 1n digital electronic
circuitry, or in computer hardware, firmware, software, or 1n
combinations of them. Apparatus of the invention can be
implemented i a computer program product tangibly
embodied 1n a machine-readable storage device for execution
by a programmable processor; and method steps of the inven-
tion can be performed by a programmable processor execut-
ing a program of instructions to perform functions of the
invention by operating on input data and generating output.
The 1invention can be implemented advantageously 1n one or
more computer programs that are executable on a program-
mable system including at least one programmable processor
coupled to recerve data and instructions from, and to transmat
data and instructions to, a data storage system, at least one
input device, and at least one output device. Each computer
program can be implemented 1n a high-level procedural or
object-oriented programming language, or in assembly or
machine language if desired; and in any case, the language
can be a compiled or interpreted language. Suitable proces-
sors include, by way of example, both general and special
purpose microprocessors. Generally, a processor will receive
instructions and data from a read-only memory and/or a ran-
dom access memory. Generally, a computer will include one
or more mass storage devices for storing data files; such
devices include magnetic disks, such as internal hard disks
and removable disks; magneto-optical disks; and optical
disks. Storage devices suitable for tangibly embodying com-
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puter program instructions and data include all forms of non-
volatile memory, including by way of example semiconduc-
tor memory devices, such as EPROM, EEPROM, and flash
memory devices; magnetic disks such as internal hard disks
and removable disks; magneto-optical disks; and CD-ROM
disks. Any of the foregoing can be supplemented by, or incor-
porated i, ASICs (application-specific integrated circuits).

FIG. 5 shows a computer system (500) employed to imple-
ment the mvention. The computer system (500) 1s only an
example of a graphics system 1n which the present invention
can be implemented. The computer system (500) includes a
central processing unit (CPU) (510), a random access
memory (RAM) (520), a read only memory (ROM) (525),
one or more peripherals (530), a graphics controller (560),
primary storage devices (540 and 550), and a digital display
unit (570). As 1s well known 1n the art, ROM acts to transier
data and instructions uni-directionally to the CPUs (510),
while the RAM (520) 1s used typically to transfer data and
instructions 1n a bi-directional manner. The CPUs (510) can
generally include any number of processors. Both primary
storage devices (540 and 550) can include any suitable com-
puter-readable media. A secondary storage medium (580),
which 1s typically a mass memory device, 1s also coupled
bi-directionally to the CPUs (510) and provides additional
data storage capacity. The mass memory device (580) 1s a
computer-readable medium that can be used to store pro-
grams including computer code, data, and the like. Typically,
the mass memory device (580) 1s a storage medium such as a
hard disk or a tape which generally slower than the primary
storage devices (540, 550). The mass memory storage device
(580) can take the form of a magnetic or paper tape reader or
some other well-known device. It will be appreciated that the
information retained within the mass memory device (580),
can, 1n appropriate cases, be incorporated in standard fashion
as part of the RAM (520) as virtual memory.

The CPUs (310) are also coupled to one or more mput/
output devices (590) that can include, but are not limited to,
devices such as video monitors, track balls, mice, keyboards,
microphones, touch-sensitive displays, transducer card read-
ers, magnetic or paper tape readers, tablets, styluses, voice or
handwriting recognizers, or other well-known mput devices
such as, of course, other computers. Finally, the CPUs (510)
optionally can be coupled to a computer or telecommunica-
tions network, e.g., an Internet network or an intranet net-
work, using a network connection as shown generally at
(595). With such a network connection, 1t 1s contemplated that
the CPUs (510) might recerve information from the network,
or might output information to the network in the course of
performing the above-described method steps. Such informa-
tion, which 1s often represented as a sequence of nstructions
to be executed using the CPUs (510), can be received from
and outputted to the network, for example, 1n the form of a
computer data signal embodied 1n a carrier wave. The above-
described devices and materials will be familiar to those of
skill 1n the computer hardware and software arts.

The graphics controller (560) generates 1image data and a
corresponding reference signal, and provides both to digital
display unit (570). The image data can be generated, for
example, based on pixel data received from the CPU (510) or
from an external encode (not shown). In one embodiment, the
image data 1s provided in RGB format and the reference
signal includes the VSYNC and HSYNC signals well known
in the art. However, it should be understood that the present
invention can be implemented with data and/or reference
signals 1n other formats.

A number of implementations of the invention have been
described. Nevertheless, 1t will be understood that various
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modifications can be made without departing from the spirit
and scope of the mvention. For example 1n addition to the
hierarchical and temporal vectors in the intermediate layers,
the camera model generated vector projected down can also
be used as a candidate for SAD computation. Furthermore,
the motion vectors generated as described above can be used
for other purposes than frame rate conversion, such as dein-
terlacing, noise reduction, and so on. The robustness can also
be increased further by, for example, using motion vectors
determined for frames that are not immediately adjacent, but
instead located two frames away on either side of the inter-
polated frame in the digital video. Accordingly, other
embodiments are within the scope of the following claims.

The mvention claimed 1s:

1. A system for calculating an interpolated image frame of
digital video between a previous frame and a subsequent
frame of digital video, comprising:

a processor that 1s programmed to:

receive a previous image frame icluding a plurality of
image patches;

receive a subsequent image frame including one or more
image patches corresponding to the image patches 1n
the previous 1image {frame;

determine if a forward motion vector and a backward
motion vector can be determined for image patches in
the previous and subsequent 1image frames;

wherein for image patches where a forward and back-
ward motion vector can be determined for each of the
previous and subsequent image frames, the processor
1s programmed to select a forward or backward
motion vector from each of the previous or subse-
quent image frames to establish an intermediary posi-
tion of the image patch 1n an interpolated frame; and

for image patches where a forward and backward motion
vector cannot be determined for the previous and sub-
sequent 1mage iframe, then the processor 1s pro-
grammed to use a single motion vector from the pre-
vious or subsequent image frame to establish an
intermediary position of the image patch 1n an inter-
polated frame that 1s intermediary to the previous and
subsequent frames.

2. The system of claim 1, wherein the processor 1s pro-
grammed to select a combination of forward or backward
motion vectors from the previous and subsequent image
frames based on which pair of vectors are the closest and
which have the best correlation in the previous and subse-
quent 1mage frames.

3. The system of claim 1, wherein selecting a forward or
backward motion vector from each of the previous or subse-
quent 1mage frames comprises:

calculating a weight for one or more pairs of motion vec-

tors consisting of one motion vector from the previous
image frame and one motion vector from the subsequent
image frame; and

selecting the pair of motion vectors having the lowest

weight.

4. The system of claim 3, wherein the processor 1s pro-
grammed to calculate the weight by:

calculating an absolute difference of an x-component of the

motion vector from the previous image frame and an
x-component of the motion vector from the subsequent
image Irame;

calculating an absolute diflerence of a y-component of the

motion vector from the previous image frame and a
y-component of the motion vector from the subsequent
image frame;
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adding the calculated absolute differences for the x- and
y-components; and

multiplying the added calculated absolute differences with
a correlation factor for the motion vector from the pre-
vious 1mage frame and a correlation factor for the
motion vector from the subsequent image frame.

5. The system of claim 4, wherein multiplying the added
calculated absolute differences with a correlation factor for
the motion vector from the previous image frame and a cor-
relation factor for the motion vector from the subsequent
image Iframe comprises:

calculating a correlation value for the motion vector from

the previous 1mage frame;

calculating a correlation value for the motion vector from

the subsequent 1mage frame;

adding the two calculated correlation values; and

multiplying the added correlation values with the added

calculated absolute differences of the components of the
motion vector from the previous image frame and the
motion vector from the subsequent image frame.
6. The system of claim 5, wherein calculating a correlation
value for the motion vector from the previous image frame
COmMprises:
centering a first window on a pixel in the previous image
frame that forms an origin of the motion vector;

centering a second window on a pixel 1n the subsequent
image frame that forms an end point of the motion vec-
tor, the second window having the same dimensions as
the first window; and

calculating a sum of absolute differences of luma values for

the pixels in the first window and pixels at corresponding
positions 1n the second window.

7. The system of claim 6, wherein the dimensions of the
first and second windows are identical to the dimensions of
the 1mage patch.

8. The system of claim 1, wherein the selected forward or
backward motion vector from each of the previous or subse-
quent 1image frames consists of one of the following combi-
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nations: a forward motion vector from the previous image
frame and a forward vector from the subsequent image frame,
a backward motion vector from the previous image frame and
a backward vector from the subsequent image frame, and a
forward motion vector from the previous 1mage frame and a
backward vector from the subsequent image frame.

9. The system of claim 1, wherein the processor 1s pro-
grammed to select a forward or backward motion vector from
cach of the previous or subsequent 1mage frames by:

selecting any one pair of motion vectors 1f the image patch

1s part of a large textured object moving with constant
velocity.

10. The system of claim 1, wherein the processor 1s pro-
grammed to select a forward or backward motion vector from
cach of the previous or subsequent 1mage frames by:

selecting the forward motion vector from the previous

image frame and the backward motion vector from the
subsequent image frame 11 the 1image patch 1s part of an
accelerating object.

11. The system of claim 1, wherein the processor 1s pro-
grammed to select a forward or backward motion vector from
cach of the previous or subsequent 1mage frames by:

selecting the forward motion vector from the previous

image {frame and the forward motion vector from the
subsequent image frame 11 the image patch 1s part of an
area being uncovered by a trailing edge of a moving
object.

12. The system of claim 1, wherein the processor 1s pro-
grammed to select a forward or backward motion vector from
cach of the previous or subsequent 1mage frames by:

selecting the backward motion vector from the previous

image frame and the backward motion vector from the
subsequent 1mage frame 11 the 1image patch 1s part of an
area being covered by a leading edge of a moving object.

13. The system of claim 1, wherein each i1mage patch
includes a plurality of pixels.
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